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A bstract : The com pounds o f  yttnum -iron-transiiion metal m ixed oxides o f the type 
YFCTO4  have been prepared by solid stale reaction technique and characterised by XRD pattern 
The molar m agnetic susceptibility  (X m ) the powdered samples have been reported in the 
temperature range 300 to 1100 K All studied materials show a typical fcm niagnctic behaviour 
j.ul X m  w  T  plot can be expressed in terms o f  standard relations for ferri-magnetic material 
The slope o f  asym ptotic line to the curve, yields an average magneton number which indicates 
(hat all m aterials arc perfectly ionic The m olecular field parameters a , p  and y  have been 
evaluated using N eels tw o sublattice mode) (NTSM ). Both a and p have been found negative 
indicating angular arrangement o f  m agnetic ions in the magnetic ground state o f the studied 
materials.
K eyw ords : M agnetic susceptibility, transition metal oxides, sublatlicc 
PA C S N os. : 07 5 5 -w , 75 30.Cr
1. Introduction
Kiiic-carth and transition elements have unfilled 4 / and 3d orbitals. Due to this reason, 
they yield variety of materials with interesting and useful magnetic properties. These have 
not only enriched our understanding but have found numerous applications [1-3]. Wc 
have prepared a series of rare-earth-transition metal compounds with general formula 
K, T T '0 4 where RE stands for rare-earth and T and T' for transition metals. We have 
already reported the electrical transport studies of YFeT04 where T = Fe, Cr, Mn, Co 
and Ni [4] and magnetic behaviour of GdFeT04 [5]. This paper reports results of our 
study on the magnetic behaviour of compounds with general formula YFeT04 with T = Fe, 
Cr, Mn, Co and Ni. So far, no study of this kind has been reported on these compounds. 
Only some studies have been reported on YFe204 which arc related with low temperature 
phase transition [6,7], neutron diffraction [8,9], Mossbaur studies [10,11] and dielectric 
properties [12].
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2. Material preparation and characterization
The series of compounds with general formula YFeTO4 have been prepared with the basic 
materials Y2O i , Fe2Oi and oxides Cr20 3 , NiO, CoO and M n02. These materials were 
procured from standard forms and have stated purity of 99.9 percent to 99.99 percent. The 
stoichiometric amount of these oxides were mixed and heated in a silica crucible for 50 hrs 
at a temperature of about 1400 K. In this process, the mixture was subjected to one 
intermediate grinding and the final product was cooled down at a slow rate. The prepared 
compounds undergo following solid slate reactions :
2Y20 3 + 4FezO, 4YFe20 4 + 0 2,
1400 K
2Y20 3 + 2Fc20 3 + 2Cr20 3 ^  -* 4YFeCr04 + O ,.
1400 K
Y20 3 + Fe20 3 + 2Mn02 -  ™ -» 2YFeMn04 + 0 2.
1400 K
Y20 3 + Fe20 3 + 2CoO ^  > 2YFcCo04>
Y20 3 + Fe20 3 + 2NiO ■» 2YFeNi04.
The weight loss corresponding to loss .of oxygen on the right hand side of the above 
reaction was observed in all cases except in YFeMn04. In this case, loss was ahom 
4.0 percent against expected 5.3 percent. Other details of preparation are described 
elsewhere [131.
To confirm the complete formation of the prepared compounds, XRD pattern were 
obtained for each material using CuKa radiation with X = 0.15418 nm. From XRD pattern 
the values of interplaner spacing dhk! have been obtained using relation
d hkl ~
0.15418 
2 sin 9
(nm) (I)
From  d hk) values, structure of the prepared compounds have been resolved using standard 
procedure [13J. All the peaks have been identified and assigned proper hkl values and 
la ttice  parameters have been evaluated. It has been found that all studied materials have 
orthorhombic unit cell with lattice parameters a0, bo and c0- Using these values dhk\ have 
been calculated from the ralation, ^
h^ki =  b0 / [ ( h / a ) * + k 2 + ( \ / c ) 2 ] i n , (2)
where a = ajbo, c = We tried to assign the indexes 200, 020, 400, 040 and 004 to 
appropriate peaks by trial method and. then the possible values of a0, bo and c0 ate 
calculated using eq. (2). With these values of a0, b0 and c0, the theoretical values for 
different dhk, have been evaluated. The experimental values of dhkj, relative intensity of
463Magnetic behaviour o f yttrium-iron-transition metal mixed oxides
peak (Wo), assigned hkl values and calculated d m  values using assigned index are given in
T a b ic  \ .
Table 1. rfhki (expt.) values corresponding to peak observed 
(///(>), calculated values of 4 m  and assigned h, k. 1 values.
in XRD, their relative intensity
4 ik l
(expt.)
I /I0 X 100
^hkl 
(Theo )
Ih. k. 1]
0 .4375
(□) YFe2 0 4
1 2 0.4375 [ 0  0  2 ]
0 .3708 2 1 0.3708 [ 0  2  0 ]
0 .3069 1 0 0 0  3069 [ 2  0  0 ]
0 .2706 70 0.2698 [ 2  1 I]
0 .2660 25 0 2634 [ 1 0 3]
0  2522 47 0.2513 1 2  0  2 ]
0 . 2 2 1 2 15 0.2188 [0 0 4]
0 .2080 1 0 0  2080 [ 2  2  2 ]
0 .2036 1 0 0.2031 [1 3 2]
0.1877 40 0  1880 [2 3 1]
0  1845 25 0 1854 [0 4 0 |
0  1701 29 0 1703 [0 1 5]
0  1603 e 31 0  1606 [2 2 4]
0 .1488 2 0 0.1492 [2 4 2]
0 .1457 17 0 1458 [ 0  0  6 ]
0  4332
(b) Y E eC r0 4
1 2 0.4332 [ 0  0  2 ]
0  3641 1 0 0 3640 [ 0  2  0 ]
0 .3069 1 0 0 0 3069 [ 2  0  0 ]
0 .2698 2 1 0  2688 r2  1 1 ]
0 .2660 28 0.2685 [0 1 3]
0 2 5 1 8 14 0.2504 [ 2  0  2 ]
0 .2080 11 0 2063 [ 2  2  2 ]
0 .1877 47 0  1861 [0 2 4]
0 .1675 13 0 1678 [0 4 2 |
0  1600 33 0  1592 [2 2 4]
0 .4353
(c) YFeMnC) 4
11 0.4353 [ 0  0  2 ]
0 .3693 II 0  3693 [ 0  2  0 |
0 3 1 2 1 37 0 3 1 6 4 [ 1 2  0 ]
0  3069 1 0 0 0.3069 1 2  0  0 ]
0  2702 38 0 2701 10 1 3]
0.2652 26 0 2624 1 1 0 3 ]
0 .2522 28 0.2508 [ 2  0  2 ]
0 .2206 II 0 2 1 7 7 [0 0 4]
0 .2080 1 2 0.2075 [ 2  2  2 ]
0  1877 47 0.1877 [0 3 3]
0 .1845 16 0.1846 [0 4 0 |
0 .1602 * 34 0  1601 [2 2 4]
0.1488 13 0 1487 [2 4 2]
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Table 1. ( C a n t ' d ).
4 ik l
(expt.)
/ / /0 k 1 0 0 ^hltl
(Theo.)
[h, k. 11
(d) YFeC 0 O 4
0 .4210 1 1 0 4210 r o o 2 ]
0 .3708 1 1 0.3768 [ 0 2  0 ]
0 .3079 1 0 0 0.3079 [ 2  0 0 ]
0 .2714 40 0.2782 [ 0  2  2 ]
0 .2663 28 0.2694 1 2  i 11
0 .2529 31 0.2554 U 0 3 )
0 .2449 30 0 2485 [ 2  0  2 ]
0 .2085 11 0.2065 [ 2  2  2 ]
0 .2034 1 0 0.2014 M 3 2 ]
0.1881 49 0 .1879 [2 3 1]
0  1848 18 0  1854 [0 4 0]
0 .1603 35 0  1586 12 2 4]
0  1560 1 2 0.1551 [1 3 4]
0  1490 13 0.1486 iV 2i
(e) Y F eN i0 4
0  4353 1 2 0  4353 1 0 0 2 ]
0 .3079 1 0 0 0 .3079 [ 2  0 0 |
0 2 7 1 4 26 0.2701 [ 0  13]
0 .2667 24 0.2625 [1 0  3]
0  2529 18 0.2514 [ 2  0  2 ]
0  2094 35 0.2078 [ 2  2  2 ]
0 1877 39 0 1877 |0  3 3|
0 .1698 1 0 0.1700 [0 4 2|
0  1603 26 0  1602 0 |2  2 4|
0 .1480 15 0.1485 [4 1 1]
All the observed peaks in XRD, have been identified and assigned proper h. k, I 
values. The agreement between <ihk| (expt.) and dhkl (theo.) is very good. AH materials haw 
been found to have orthorhombic unit cell with unit cell parameter a0, and c0 as given ip 
Table 2.
T ab le 2. Structural parameters o f  prepared YFeT ( ) 4  compounds
Compounds Lattice parameters 
(nm)
Unit cell 
volum e
Calculated
density
“ 0 *>0 c 0 m3  x  1 0 2 8 Kg m" 3  * l()
Y Fe2 0 4 0.6138 0.7416 0 .8750 -  3 .982 441
YFeCrC 4 0.6138 0.7280 0.8664 3.872 4 48
Y F eM n 0 4 0.6138 0.7386 0 8706 3.947 4 4 4
YFcC o0 4 0.6158 0 .7416 0.8420 3.845 4 63
Y F e N i0 4 0.6158 0 .7386 0.8706 3.960 4 40
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3 . Measurement of magnetic susceptibility
Magnetic susceptibility measurement has been done using Faraday method. In this method, 
one requires only 50-100 mg of the sample as well as standard material. The setup have 
been assembled and consists of a magnetic balance (of 10-5 gm accuracy with all control 
external, from Kcroy, India), a tapered pole pieces (2" diameter from 4" base at angle of 
30°) electromagnet and constant current power supply (both from Pollytronic, India). 
The pole gap is variable but has been fixed at a separation of 4.8 cm. At this pole gap, the
magnetic field in constant # (^jjr) region, which lies about 2.5 cm above the centre of the 
pole, is about 1.5 x 105 Am-1 at 2A current in the electromagnet coil. A pyrex tube of 2 cm 
long and 0.5 cm dia has been used as a sample holder. Gd2(WC>4)3 with molar magnetic 
susceptibility value 6.85 x 10“7 at 300 K has been used as standard substance.
The standard material and the sample is hanged from the hook provided in the pan of 
the balance in constant region in the pyrex tube and weight is measured in both
cases, with and without applied magnetic field. The molar magnetic susceptibility of the 
sample have been obtained from the relation
Am and Am , are changes in the weights of the sample and standard substance, m and ms are 
their masses and Xs lhe molar magnetic susceptibility of the standard substance. Being a 
relative method most of the error are automatically eliminated except the error in the 
measurement of mass m and weight change Am. The maximum probable error in these 
measurements, has been about 2% at lower temperature (T < 500 K). But it increases with 
the increase of temperature, because hot air movement disturbs the sample holder inspite of 
dosed one end ot the furnace, and becomes as high as 5% around 10(30 K 113,14].
4. Result and discussion
The molar magnetic susceptibility (Xm ) of all the compounds have been measured 
m both heating and cooling cycles. No hysteresis was observed in Xm and values 
were found same in both heating and cooling cycles. However, a small weight loss 
have been noticed in heating cycle probably due to presence of moisture. The results 
are presented in Figure 1 as x ) T  plot- fr *s secn from the figure that the nature of 
all thc%plots is essentially similar. In general, Xm T plots are linear at higher side 
of temperature, however, there is systematic trend of experimental points towards 
temperature axis at lower side of temperature. The curves are thus similar to a standard 
ierrimagnetic material and systematic downward trend is due to onset of short range 
magnetic interaction at lower side of temperature. We have tried to fit the experimental
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points to the standard equation of ferrimagnetism [15] given below by choosing 
suitable parameters
_ L  = °l
XM cM( T - e y  n >
where Xm *s molar magnetic suscep tib ility ,^  is the average value of Curie- 
constant, 9ti is the asymptotic Curie temperature and 9h and flare parametric temperatures
Figure 1. Plots o f  the inverse o f molar magnetic susceptibility ( X / y )  against 
absolute temperature CO for the studied materials
The curves using eq. (3) are drawn by full line in respective X m vs ^  pl°ts- It is seen l^al 
experimental Xm points can be well fitted by eq. (3) over wide temperature range. The 
values of CM, fli;, 9h and flare given in Table 3.
The ferrimagnctic Curie (or Neel) temperature have been evaluated using condition 
T *Xm 0 This Pivcs
[ T ^ e j T ^ e )  = 91 (4)
The real and positive values of Tt are meaningful and have been evaluated using eq. (4) 
These values are also given in Table 3. The compound YFeT04, if taken as ionic, will
oniain three types of magnetic ions namely Y1+, Fe-,+ or Fe2+ and T,+ or T2+. Out of these, 
y ;+ ls non-magnetic and hence they have only two types of magnetic ions namely Fc1+
T able 3. Magnetic parameters Tor full line curves for the studied compounds
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Compounds 0a
(K)
e
(K) (K)
Tc
(K)
(  M
(m o P 1 m 3 K) x 10s
YFc2 0 4 -4 6 5 238 69 245 9 17
Y FeC r04 -485 213 178 255 6  04
YFeM n ( ) 4 -5 0 5 240 69 246 7 45
YFeCoG 4 -3 6 5 240 64 242 7 50
Y F cN i0 4 -3 6 0 2 1 0 162 253 6  60
ior | L*‘4) and T3+ (or T2+). Therefore, the molar magnetic susceptibility (Xm) of these 
^impounds al temperatures much higher than Tc can be expressed by the relation
Xm =
q
3* T
j EL
T - 0 (5)
\Wilml N is  Avogadro's number, pB is Bohr magneton, fa  is the permeability constant, k is 
Koli/man constant, p, and p 2 are the magneton numbers of two types of magnetic ions and 
0 andtf(j are paramagnetic Curie-temperatures which takes into account the effects of 
val loijs interactions. Assuming 6a -  dQ , we can write the above equation as
and
Xm ~
Xm ”
3£
3 k
2 Pm2
T - e .
■=t (6 )
— ) "F PiMine p2 = —!—-—2- ,s the square of average effective magneton number per ion. The line 
icpicsented by cq. (6) must be asymptotic to curve given by eq. (3). Comparing eq. (6) with 
ihc asymptotic equation of the curve given by cq. (3) one gets 0a = 0Q and
ni
-  iNulvip2
“  3*^M
p 2 = ------- a -
2 W lM o
(7)
(8)
lK cvP^nmental value of p can be calculated from the evaluated value of CM. The 
ilKuietical values of p } and p 2 are known. Hence, one can obtain the theoretical value 
'* P The experimental and theoretical values of p are given in Table 3 together with 
IJlL magnetic ions used to obtain the theoretical value of p.
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It is seen from Table 4 that there exists a good agreement between the theoretical 
and experimental values of p.  This indicates that all studied materials are essentially i0njc 
and magnetic states of the ion are as indicated in the last column of Table 4. It can also he 
noticed that in YFcCr04 and YFeMn04 compounds, there exist Cr3+ and Mn3+ ions and 
they substitute Fe3+ ions. This is quite reasonable in view of the natural valency of these 
elements.
Table 4. Theoretical and expen mental values o f  p  together with the magnetic ions used to 
obtain theoretical value o f p
Compounds Values o f  p M agnetic ions
Theo Expt.
YFc2 0 4 5.43 5 41 Fe3+
Y F cC r0 4 4 42 4.39 Cr3+
Y F cM n 0 4 4 90 4 8 8 M n'
Y F eC o 0 4 5.00 4.90 F e3+ (
Y FeN i( ) 4 4 6 4 4.59 F eu
Having fitted the data into the well known equation of ferri-magnetic material (m>i 
recognising the magnetic ions it is natural to attempt to investigate the molecular l u l l 1 
parameters and magnetic ground slate of studied materials. For this, let us use Neel's luo 
sub-lattice model (NTSM) of ferrimagnetism [15]. This is justified, because Yl eTff, 
contains only two types of magnetic ions as given in Table 4. We shall adopt the lollowni! 
terminology for the molecular field constants ( r AA, between the sublatticcs A ami H
as discussed by Goodenough [15]. *
* A A  =  =  P "  a n tl T AH =  -  "•  ' 4l
where a  and fi are dimensionless constants. Using above nomenclature 04J, 9h and 0ean hi 
expressed in terms of a, /3, n and Curie constants for two sublatticcs namely CA and Cwas
0 U = ? [2 C .C ,  -  aC> -  PC],],
=  7 ^ 0 +  « )  -  C B(\  +  P)]J<^C~„
= ^<CACa )(2 + a  + /J).
with C = CA + CB.
The values of 0U, 0h and 9 arc known from fitting the curve and are given in Tabic 3 C = 
CM is also given in Table 3. The number of trivalent and divalent 3d metal ions are known 
for each compound. The theoretical value of magneton number of these ions is also known
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ami there number * n eac^ maler*al is also equal. Thus, it is easy to evaluate CA and C# and
(|s0 n a  and P using cqs. (9) to (12). The evaluated values of these parameters are given in
Table 5.
Table 5. Molecular field parameters of YFeTC)4
Compounds a fi n
(m ole m- -1)
Ca
(mole 1 in?K)
( ' h
(mole 1 nr^K)
YFe2 0 4 -0 .2 5 4 -0 .3 8 9 7 .8 5 0 x  I04 5 4 8  x 1 0 " ^ 3.75 x l t r 5
Y FeC r04 -0 .091 -0 .711 1.224 x 105 3 75 x  10-5 2.34 x Hr*
Y F eM n 0 4 -0 .171 - 0  352 8.61 x  1 0 4 3.75 x l(r5 3 75 x 10 “5
Y F eC o0 4 -0 .2 7 6 -0 .0 1 6 8.05 X I04 5.48 X 1 0 ^ 2.34 x 1 IT^
Y F eN i0 4 - 0  189 -0 .1 4 2 1 2 1 x  I0 5 5.48 x H r 5 1 25 x 1 0 “5
It is seen from Table 5 that a  and p  are negative but their magnitude is less than 
unity T h is  indicates that the interactions between the ions of two sublattices (nearest 
n e ig h b o u r  W  interaction) as well as between the ions o f  the same sublattices (next nearest 
n e ig h b o u r s  'nnn' interactions) arc antiferromagnetic. Negative values of a  and /3 are not 
very common in NTSM (Neel's two sublattice model) and hence, it is interesting to discuss 
iis implication on the validity of above model as well as in the ground state magnetic
ilicturc of the studied materials. As is well known that basic assumption of NTSM is
*
aiong anti ferromagnetic n n  interaction which are much stronger than nnn  interactions. If 
n n n  interactions are ferromagnetic in the above model, then all the magnetic interaction 
lead lo a ground state in which localized magnetic moments arc aligned either parallel or 
antiparallel to each other. Contrary lo that if nnn  interactions are antiferro-magnelic (a  or fi  
^ 0) bui* if these interactions are much weaker compared to nn  interactions then they will 
lead lo a ground state in which magnetic moments are not aligned parallel or antiparallcl to 
each other but have angular arrangement. With a, p  negative and their magnitude less than 
unit), the lattci situation leading to angular arrangement of magnetic moments in the 
giound stale seems valid for the studied materials.
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